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Acetyltransferase complexes of the MYST family with distinct substrate specificities and functions maintain a conserved associa-
tion with different ING tumor suppressor proteins. ING complexes containing the HBO1 acetylase are a major source of histone
H3 and H4 acetylation in vivo and play critical roles in gene regulation and DNA replication. Here, our molecular dissection of
HBO1/ING complexes unravels the protein domains required for their assembly and function. Multiple PHD finger domains
present in different subunits bind the histone H3 N-terminal tail with a distinct specificity toward lysine 4 methylation status.
We show that natively regulated association of the ING4/5 PHD domain with HBO1-JADE determines the growth inhibitory
function of the complex, linked to its tumor suppressor activity. Functional genomic analyses indicate that the p53 pathway is a
main target of the complex, at least in part through direct transcription regulation at the initiation site of p21/CDKN1A. These
results demonstrate the importance of ING association with MYST acetyltransferases in controlling cell proliferation, a regu-
lated link that accounts for the reported tumor suppressor activities of these complexes.

Members of the ING (inhibitor of growth) family of growth
regulators are present in all eukaryotes, with the five human

proteins (ING1 to ING5) and the three from Saccharomyces cerevi-
siae (Yng1, Yng2, and Pho23) being the most studied. Their ho-
mology is highest at the carboxyl termini within a plant homeodo-
main (PHD) finger—a motif common to many chromatin
regulatory proteins (8, 54). Expression analyses of several tumor
types show that ING genes are either mutated or downregulated in
many forms of cancer (43, 73), and a number of studies have
implicated the ING proteins in the regulation of the cell cycle and
proliferation, cellular aging and senescence, hormone signaling
pathways, brain tumor growth, and angiogenesis (reviewed in ref-
erence 51). These functions stem from direct mechanistic roles in
chromatin modification and remodeling, gene-specific transcrip-
tion regulation, and DNA repair, recombination, and replication
(2, 54, 61).

The multisubunit protein complexes containing ING family
members have been purified and characterized from yeast and
human cells (reviewed in references 2 and 54). The human INGs
can be divided into three groups—ING1/2, ING3, and ING4/5—
based on their association with three distinct types of protein
complexes (8). Each of these complexes regulates chromatin mod-
ification and structure via histone acetylation and deacetylation.
The ING complexes that carry out histone acetylation contain
members of the MYST family of histone acetyltransferases
(HATs) as their catalytic subunits (Fig. 1A). Human MYST HATs
include Tip60 (KAT5), HBO1 (KAT7), MOZ (KAT6A), MORF
(KAT6B), and MOF (KAT8). These enzymes are also known to
play crucial roles in transcription activation and in DNA repair,
recombination, and replication and are implicated in develop-
ment and many human diseases, most notably cancer (2, 14,
69, 72).

Together with other histone-modifying enzymes, MYST
acetyltransferases are key players in regulating local and global
chromatin dynamics. The protruding tails of nucleosomal his-
tones are substrates for a large number of posttranslational mod-

ifications, such as acetylation, methylation, phosphorylation,
ubiquitination, and sumoylation (22). Different combinations of
these modifications can regulate each other and establish an epi-
genetic signature that can be read by specific protein domains
present in nuclear effector proteins, such as chromodomains, bro-
modomains, Tudor domains, MBT domains, and PHD fingers
(27, 64).

Interestingly, many reports have identified the PHD finger as
an important effector domain that selectively binds to the trim-
ethylated lysine 4 residue of histone H3 (H3K4me3), a mark pref-
erentially located at promoters and immediately downstream of
transcription start sites (TSS) (30, 32, 34, 41, 45, 52, 56, 67, 71).
Significantly, all PHD domains of the ING family members were
shown to bind preferentially to this histone modification with
strong dissociation constants (Kds of �10 �M) (41, 56). Notably,
yeast Yng1 PHD finger binds H3K4me and allows the associated
NuA3 HAT complex to bind and acetylate chromatin (33, 63).
Moreover, in response to DNA damage, the PHD domain of hu-
man ING2 binds with high affinity to H3K4me3, which stabilizes
the association of the mSin3-HDAC1/2 (HDAC stands for histone
deacetylase) complex at the promoters of proproliferation genes
and represses their transcription (56). Similarly, HBO1-ING4/5
complexes were shown to functionally interact with H3K4me3
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chromatin, acetylate surrounding histone tails, and stimulate local
transcription (18, 53). Thus, these findings suggest that the
MYST-ING protein complexes contribute to epigenetic regula-
tion of nuclear functions through cross talk between histone
methylation and acetylation.

Interestingly, two new classes of chromatin-interacting PHD
fingers have been identified more recently. In striking contrast to
the original, PHDs of the second class bind the histone H3
N-terminal domain only when the lysine 4 residue is not methyl-
ated (20, 25). The third class was shown to be important for bind-
ing to chromatin by the yeast RPD3S deacetylase complex irre-
spective of histone marks (28). We recently demonstrated that

both new types of PHD fingers are present in the JADE subunit of
the HBO1-ING complexes and that they are essential for binding
to chromatin in vivo (53). Strikingly, these features mean that a
single HBO1 complex harbors PHD fingers of all three classes,
with different specificities toward histone H3 lysine 4 methyl-
ation.

We have also previously characterized the human MYST-ING
HAT complexes and highlighted their different specificities and
functions (8). All MYST-ING complexes from yeast to humans
appear to contain a core of 4 subunits that share significant ho-
mologies (Fig. 1). In addition, these subunits carry several do-
mains with potential for reading different chromatin marks (Fig.

FIG 1 Common features of the MYST-ING histone acetyltransferase complexes. (A) Structural and functional conservation of MYST-ING HAT complexes
from yeast to human. (B) Homologous core subunits of all MYST-ING complexes and their associated protein domains. Domains not mentioned in the text:
Bromo, bromodomain; CHD, chromodomain; Ser, serine-rich; ZNF, zinc finger; D/E, acidic; S/M, serine/methionine-rich; LZ, leucine zipper. The previously
identified domains EPcA in EPC, E(Pc) and Epl1, Epc-N and I/II in Epl1, Nto1, EPC, JADE, and BRPF are also identified (8, 42, 62).
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1B). Here we report the molecular dissection of MYST-ING HAT
complexes in vitro and in vivo. We focused on the human ING4/5
tetrameric complexes that contain the HBO1 HAT and JADE1/2/3
paralogues (Fig. 1A), as they constitute one of the major sources of
histone H4 and H3 acetylation in vivo (8, 23, 68). Notably, we
identified two short domains conserved in all MYST-ING com-
plexes that act as a scaffold for complex assembly. Interestingly,
alternative mRNA splicing within these domains produces two
distinct isoforms of JADE1, whose incorporation into the com-
plex specifically regulates the association of ING4/5 with HBO1.
An array of techniques, including cell growth assays, gene expres-
sion analysis, and chromatin immunoprecipitation indicate that
association of the ING subunit with JADE1-HBO1 is essential for
growth inhibition and argue that ING tumor suppressor activity
functions in part through the acetyltransferase activity of HBO1
within a p53-linked pathway. Our results provide important in-
formation on structural determinants responsible for assembly of
functionally distinct MYST/ING HAT complexes from yeast to
human cells. They unravel how different PHD finger domains
within a single HAT complex cooperate to regulate functions in
chromatin binding, transcription regulation, and control of cell
proliferation, ultimately linking chromatin methylation and acet-
ylation to the tumor suppression function of ING proteins.

MATERIALS AND METHODS
Cell culture, plasmids, and recombinant proteins. Tet-off retrovirus-
transduced cell lines expressing FLAG-HBO1-TAP, FLAG-ING3-TAP,
HA-ING4-TAP, and FLAG-ING5-TAP have been described previously
(8). The JADE1L (L stands for long), JADE3, and human Eaf6 (hEaf6)
full-length cDNAs were obtained from ORIGENE. For construction of
hemagglutinin (HA)- or FLAG-tagged mammalian expression plasmids,
full-length or truncated HBO1, JADE1/3, ING4/5, and hEaf6 were cloned
by PCR into pcDNA3. For expression in bacteria, the different domains of
JADE1, JADE3, ING4, ING5, HBO1, hEaf6, Yng2, and Esa1 were cloned
by PCR into pGEX4T3 (GE Healthcare), pET15b� (Novagen), or pST44
(55), and the recombinant proteins were purified following standard pro-
cedures. Mammalian expression vectors for HA- and FLAG-tagged
JADE1S (S stands for short) with amino acids 1 to 509 [JADE1S(1-509)]
isoform and its PHD mutants have been described previously (40). For
transient transfections, 2 � 106 cells (HeLa S3, 293T, and RKO) were
transfected with 8 �g of each expression plasmid by the calcium phos-
phate method. JADE1L/S and their PHD2 deletion mutants were cloned
into the retroviral vector pRev-CMV-3�FLAG, and the retrovirus was
used to transduce HeLa S3 cells. Expression levels for the different isolated
clones were measured and found to be particularly low for JADE1L (data
not shown). Details of the cloning procedures and primer sequences are
available upon request. Nuclear localization of all transfected proteins was
confirmed by immunofluorescence.

Antibodies and peptides. The following antibodies were used for
Western blots: anti-FLAG M2-R (1:2,000) and anti-glutathione
S-transferase (anti-GST) (1:2,000) (Sigma); anti-HA 3F10 (1:2,000) and
12CA5 (1:2000) (Roche); anti-6�His (1:4,000) (Clontech); anti-�H2AX
(1:1,000) (Millipore); anti-H3 (1:10,000), antitubulin, anti-p21, anti-
HBO1, anti-ING4, anti-ING5 (1:1,000), and anti-hEaf6 (1:500) (Abcam).
Biotinylated histone peptides were kind gifts from Or Gozani (Stanford
University) or purchased from Millipore.

Affinity purification of protein complexes. Tandem affinity purifica-
tions of native ING complexes from mammalian cells were done as pre-
viously described (8). For affinity purification from cotransfected cells,
293T cells were harvested 48 h posttransfection, washed twice with cold
phosphate-buffered saline (PBS), and lysed in 1 ml/plate of lysis buffer (20
mM HEPES [pH 7.9], 150 mM KCl, 5% glycerol, 1 mM dithiothreitol
[DTT], 100 �M Zn acetate, 2 mM MgCl2, 2 mM EDTA, 0.2% [vol/vol]

NP-40, 0.5 �g/ml aprotinin, 2 �g/ml leupeptin, 2 �g/ml pepstatin, 1 mM
phenylmethylsulfonyl fluoride [PMSF], 0.1 mM Na2MoO4, 0.1 mM
Na3VO4, 10 mM �-glycerophosphate, 10 mM NaF, and 10 mM Na bu-
tyrate) on ice for 30 min. The cell lysate was then clarified by centrifuga-
tion for 30 min at 21,000 � g. The supernatant was incubated for 3 h or
overnight with FLAG-M2 agarose (Sigma) at 4°C. The resin was recovered
by centrifugation and then washed five times with the same buffer but
containing 0.1% (vol/vol) NP-40 and 300 mM KCl. Bound proteins were
eluted with 400 ng/�l 3�FLAG peptide in elution buffer (20 mM HEPES
[pH 7.5], 100 mM KCl, 0.1% Triton X-100, 5% glycerol). A portion of the
eluate was resolved by SDS-PAGE and analyzed by Western blotting.

Peptide and GST pulldown assays. Concentrations of purified re-
combinant proteins were normalized by SDS-PAGE and Coomassie blue
staining. The concentrations of biotinylated peptides were verified by an-
tibiotin dot blots. For pulldown assays, 500 ng of biotinylated histone
peptides was incubated with 1 �g of candidate binding protein in 100 �l of
binding buffer (300 mM KCl, 50 mM Tris [pH 7.5], 0.05% [vol/vol]
NP-40, 100 �g/ml bovine serum albumin [BSA], 1 mM PMSF) at 4°C for
3 h to overnight. After 1 h of incubation with streptavidin-coupled Dyna-
beads (Invitrogen), the beads were washed four times with binding buffer
and subjected to a Western blot analysis with an anti-GST antibody. For
GST pulldown assays, 500 ng of His-tagged proteins was precleared with
glutathione Sepharose-bound GST and incubated with 1 �g of glutathi-
one Sepharose-bound proteins in a final volume of 50 to 120 �l in pull-
down buffer (25 mM HEPES [pH 7.5], 250 mM KCl, 10% glycerol, 100
�g/ml BSA, 0.1% [vol/vol] NP-40, 0.5 mM DTT, and protease inhibitors)
for 2 h at room temperature. Supernatants were removed, and the resin
was washed 2 times with pulldown buffer at 300 mM KCl and once with
pulldown buffer at 150 mM KCl. Input (50%) and bound material were
analyzed by Western blotting with anti-6�His antibodies.

HAT assays with protein complexes. Histone acetyltransferase
(HAT) assays with histone peptides (300 ng) were performed essentially as
described previously (66). Briefly, protein complexes were incubated with
or without substrate in a final volume of 15 �l of 50 mM KCl, 50 mM Tris
(pH 8), 1 mM DTT, 5% glycerol, 10 mM Na butyrate, and 0.1 mM EDTA
with 0.5 �l of 3H-labeled acetyl coenzyme A (acetyl-CoA) (0.25 �Ci/�l;
4.9 Ci/mmol) for 45 min at 30°C. Each reaction mixture was spotted onto
p81 filters, washed three times with 50 mM Na carbonate (pH 9.2), and
processed for scintillation counting.

NMR spectroscopy. Nuclear magnetic resonance (NMR) experi-
ments were performed at 25°C on Varian INOVA 600- and 500-MHz
spectrometers using pulse field gradients to suppress artifacts and elimi-
nate water signal. 1H,15N heteronuclear single quantum coherence
(HSQC) spectra of uniformly 15N-labeled JADE1 PHD1 and PHD-Zn
knuckle-PHD (PZP) (0.1 to 0.2 mM) were recorded as histone tail pep-
tides (synthesized by the University of Colorado at Denver [UCD] Bio-
physics Core Facility), and unlabeled PHD1 was added stepwise.

Microarray data analysis. Duplicate RNA samples from transduced
HeLa cells stably expressing JADE1L were compared to samples from cells
transduced with empty vectors. Four RNA samples (two independent
experiments with duplicate samples for each) from siRNA-mediated
knockdown of HBO1 (siHBO1)-treated HeLa cells (as described before
[8]) were compared to samples from cells treated with control siRNA
(luciferase). Illumina HumanHT-12 v3.0 and v4.0 microarray data were
processed in BioConductor using the package lumi (31). The background
corrected intensities from BeadStudio were directly imported into R
(www.r-project.org) with the function lumiR. Data were first transformed
to log2 and then normalized using quantile normalization using lumiT
and lumiN functions, respectively. The test for statistical difference be-
tween the conditions was performed using the empirical Bayes method
eBayes in limma (60). Multiple hypothesis correction was performed us-
ing the Benjamini-Hochberg correction. We considered a gene to be sig-
nificantly differentially modulated between two conditions when the ab-
solute log2 fold change is higher than log2 1.5 and the adjusted P value is
lower than 0.05.
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Cell growth analysis. HeLa S3 cells retrovirally transduced to express
JADE1 constructs were seeded at 4 � 104 cells per well of 6-well plates and
allowed to grow in a standard tissue culture incubator. For each cell line,
two independent wells were harvested on days 3, 5, and 7 postseeding.
Cells were counted using an Auto T4 automated cell counter (Nexcelom
Bioscience, Lawrence, MA).

Anchorage-independent cell growth. 1 � 105 HeLa S3 cells retrovi-
rally transduced to express JADE1 constructs were suspended in Dulbecco
modified Eagle medium (DMEM) containing 10% fetal bovine serum
(FBS) and 0.3% agar and plated on 100-mm dishes in duplicate. Following
3 weeks of growth in a standard tissue culture incubator, four random
fields on each plate were photographed using a light microscope with a
magnification of �4. Colonies in each field were counted using the Al-
phaImager software (Alpha Innotech, San Leandro, CA).

Assays of p53-dependent transcription. Reverse transcription-PCR
(RT-PCR) assays were performed as described before (9). Luciferase re-
porter assays to test the capacity of ING4, HBO1, ING3, and Tip60 to
potentiate p53-dependent transcriptional activation were performed in
triplicate using the wwp/p21-luciferase reporter (10) and a pGL3-BAX-
luciferase construct (Science Reagents Inc.) as previously described (8).

ChIP assays. Briefly, 2 � 108 asynchronously growing RKO cells were
cross-linked with 1% formaldehyde followed by treatment with 125 mM
glycine. The cells were then washed with PBS and resuspended in chro-
matin immunoprecipitation (ChIP) lysis buffer A (10 mM HEPES [pH
7.5], 10 mM EDTA, 0.5 mM EGTA, 0.75% Triton X-100) and incubated
for 10 min on ice. The cells were then resuspended in ChIP lysis buffer B
(10 mM HEPES [pH 7.5], 200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA)
and incubated on ice for 10 min. The cells were finally resuspended in
ChIP lysis buffer C (150 mM NaCl, 25 mM Tris-HCl [pH 7.5], 0.1% SDS,
0.5% sodium deoxycholate, 1% Triton X-100, 1 mM PMSF, 2 �g/ml
leupeptin, 5 �g/ml aprotinin, 2 �g/ml pepstatin) and sonicated on ice
(Diagenode Bioruptor) to shear chromatin to an average length of 500 bp.
After overnight incubation at 4°C using 1 mg of chromatin per IP with 5
�g of specific antibodies, protein A Dynabeads (Invitrogen) were added
and incubated for 4 h at 4°C. The beads were washed extensively and
eluted with 1% SDS and 0.1 M NaHCO3. Cross-links were reversed over-
night at 65°C in the presence of 0.2 M NaCl, and the samples were then
treated first with RNase A and then with proteinase K. DNA was recovered
using phenol-chloroform and ethanol precipitation. Quantitative real-
time PCR was performed using SYBR green I (Roche) with LightCycler
480 (Roche). The error bars represent standard errors based on 3 inde-
pendent experiments. Primers used in the PCRs (available upon request)
were analyzed for linearity range and efficiency.

ChIP-seq analysis. Chromatin immunoprecipitation (ChIP) from
RKO cells was done as described above. To prepare libraries for sequenc-
ing, DNA samples were processed with the Genomic DNA preparation kit
(Illumina) according to the manufacturer’s protocol. One microliter of
adapter oligonucleotide mix (Illumina) was used for each ligation reac-
tion. Gel-extracted DNA of each library was amplified through 18 PCR
cycles. Samples were sequenced by 36-bp single reads on a Genome Ana-
lyzer II platform (Illumina). Raw sequences were mapped using BWA
(29) on build hg18 of the human genome and deposited in the GEO
database. Uniquely mapped sequences were kept for downstream analy-
sis. The global profiles at transcription start sites presented in Fig. 8A were
produced using the UCSC genome browser genes definition and the Py-
thon package HTseq. In the case of multiple TSS associated with the same
gene, we selected the one with the highest number of HBO1 mapped reads
within 5,000 bp around the transcription start site. We discarded genes
transcribed in opposite directions for which TSS are at a distance lower
than 10,000 bp to prevent introducing any artifacts in the global profiles.
For gene expression level in RKO cells, we used publicly available data
from an Affymetrix U133 plus 2.0 chip (70). The binning of genes by their
function or level of expression was performed by first sorting the log2

expression level and then subdividing genes in four equal categories
(quartiles).

Microarray and ChIP-seq data accession number. ChIP-seq raw data
and microarray data and used in data analysis have been deposited in the
GEO database under accession number GSE33221.

RESULTS
MYST-ING HAT complexes can be separated into three classes.
On the basis of the available literature and our characterization of
yeast and human MYST-ING HAT complexes, we identified three
major conserved classes based on structure, sequence, and func-
tional homologies (Fig. 1) (2, 4, 8, 9, 17, 63). We previously estab-
lished yeast Piccolo NuA4 as a core tetrameric complex that en-
compasses strong nucleosomal HAT activity and also determined
that the Epl1 protein assembles the complex by bridging the
MYST enzyme Esa1 with the ING protein Yng2 (4, 55). After
further analysis of MYST-ING complexes in eukaryotes, we sug-
gested that they are all based on a similar tetrameric structure
formed by homologous or related proteins (8). In this model, an
Epl1-related factor independently interacts with MYST and ING
proteins to assemble a functional complex (Fig. 1A). In support of
this hypothesis, two short regions of sequence homology have
been found in the scaffold subunits of all MYST-ING complexes
(boxes labeled I and II in Fig. 1B; see the sequences in Fig. 3A),
suggesting that these are the binding regions for MYST and ING
proteins (8). To test this hypothesis, we performed in vivo and in
vitro interaction studies, focusing our efforts on the human HBO1
complex.

JADE proteins coordinate the assembly of HBO1 complexes.
JADE1, a candidate tumor suppressor, has been physically linked
to von Hippel-Lindau (VHL) function, transcription regulation,
Wnt signaling, and apoptosis (6, 40, 74–76). Our initial purifica-
tion of HBO1 acetyltransferase complexes identified full-length
JADE1/2/3 paralogues as stably associated subunits (8). Subse-
quently, it became clear that HBO1 could also associate with a
shorter isoform of JADE1, named JADE1S (Fig. 2A) (12, 53). In
fact, the bulk of functional information on JADE1 in the literature
is based on this smaller 509-amino-acid protein produced by an
abundant mRNA splice variant (40, 74–76).

To confirm the role of JADE1 as the scaffold of the complex, we
first verified that there was no direct interaction between HBO1
and ING proteins by performing cotransfections and immuno-
precipitations followed by Western blot analyses (data not
shown). We then produced N-terminal and C-terminal deletions
of JADE1L and analyzed their assembly into complexes by simul-
taneous cotransfections with HBO1 and ING5 (Fig. 2B). Analysis
of immunopurified JADE1 indicates that association with ING5
requires amino acids 509 to 600 of JADE1L that encompass a
portion of the conserved domain II (Fig. 2B, lane 2 versus lane 3).
In contrast, the interaction between HBO1 and JADE1 depends
primarily on domain I contained within amino acids 114 to 199
(lane 5 versus 6). Similar results were obtained using ING4 instead
of ING5 and the JADE3 paralogue (data not shown). Thus,
JADE1L functions as the scaffold of the HBO1 complex by per-
forming direct and independent interactions with the ING and
HBO1 proteins in vivo, through regions containing conserved do-
mains I and II (Fig. 1B and 2A). These data also confirm that the
shorter JADE1S isoform does not associate with ING proteins in
vivo (12, 53).

We then analyzed the requirements for the association of the
fourth subunit of HBO1 complexes, hEaf6. This protein is present
in all MYST-ING HAT complexes, but its role is unknown.
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Cotransfections show a clear association of hEaf6 with HBO1/
JADE1L/ING5 (Fig. 2C, lane 7). The interaction of hEaf6 with the
complex is greatly enhanced by the presence of ING5 in an HBO1-
independent manner (Fig. 2C, lanes 1 and 5 versus lanes 6 and 7).
However, no direct interaction was detected between ING4/5 and
hEaf6 by cotransfection (data not shown). These results argue
that, like ING5 and HBO1, hEaf6 binds JADE1, but its interaction
with the scaffold protein requires the presence of ING5. We spec-
ulate that the presence of small amounts of HA-hEaf6 with JADE1
immunopurified in the absence of cotransfected ING5 (Fig. 2C,
lane 1) is mediated by the endogenous ING5 protein, which can be
detected in the immunoprecipitations with an anti-ING5 anti-
body after a long exposure (Fig. 2C).

Overall, our current and previously published analyses indi-
cate that each MYST-ING complex contains a scaffold subunit
that appears to make independent interactions with the MYST
HAT enzyme and the ING proteins (Fig. 1 and 2 and data not
shown) (4, 9, 12, 65).

Short domains conserved in all MYST-ING complexes are
responsible for bridging specific acetyltransferases with their
ING factors. To map more precisely the interactions detected in
the HBO1 complexes and to address directly the roles of con-
served domains I and II of JADE1, we performed glutathione
S-transferase (GST) pulldown assays using recombinant polypep-
tides. Domains I and II of JADE1L (Fig. 3A) were fused to GST and
tested for interaction with HBO1, ING4, and hEaf6. In agreement

with the model proposed above, we found that ING4 shows strong
specific binding to domain II, while HBO1 interacts with domain
I (Fig. 3B). These interactions occur through the HBO1 MYST
domain (Fig. 3B, middle panel), and independently of the ING4
PHD finger (Fig. 3B, bottom panel). We then tested the determi-
nants for hEaf6 association. No binding was observed between
hEaf6 and domain I of JADE1 (Fig. 3C, top panel). A very weak
interaction could be detected between hEaf6 and domain II of
JADE1 (Fig. 3C, top panel), and it was greatly enhanced by the
addition of ING4 to the reaction mixture (Fig. 3C, bottom panel),
reminiscent of what we observed in vivo (Fig. 2C). Again, no in-
teraction between hEaf6 and ING4 could be detected in the ab-
sence of JADE1 domain II.

On the basis of domain II sequence homology between JADE,
BRPF, EPC, yeast Epl1 (yEpl1), and yNto1 proteins, we can iden-
tify two subdomain regions separated by a short linker, labeled
here IIa and IIb (Fig. 3A). Pulldown assays using both domains
and recombinant ING4 show a specific and strong interaction
with domain IIb and none with IIa (Fig. 3D). Critically, as indi-
cated in Fig. 3A, domain IIb is disrupted in the JADE1S splice
variant, which accounts for this isoform’s inability to bind ING
proteins (Fig. 1B) (10, 43).

Altogether, these results clearly demonstrate the role of JADE1
as a platform for assembly of HBO1 complexes through distinct
molecular interactions with each subunit. They also confirm our
hypothesis that two small peptide regions conserved in a specific

FIG 2 Molecular determinants for assembly of HBO1 HAT complexes. (A) Schematic representation of JADE1 protein isoforms produced by mRNA splice
variants. The numbers are amino acids. (B) Distinct regions of JADE1 are required for HBO1 and ING5 interaction. Indicated N-terminal and C-terminal
deletion mutants of FLAG-JADE1 were affinity purified after cotransfection with HA-HBO1 and HA-ING5 and analyzed by Western blotting. JADE1(1-509)
corresponds to the JADE1S natural isoform. The numbers within parentheses above the lanes are the amino acid positions [e.g., (1-842), amino acids 1 to 842].
�-FLAG, anti-FLAG antibody. (C) Stable association of hEaf6 with JADE1 requires ING5. FLAG-JADE1 coimmunoprecipitations were analyzed as described
after cotransfections with the indicated vectors. Asterisks indicate residual HB01 (B) and hEaf6 (c) signals.
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subunit of all MYST-ING complexes are responsible for bridging
together MYST HATs and ING proteins. These conserved inter-
actions were also confirmed using domains I and II of the Epl1
subunit of the yeast Piccolo NuA4 complex (Fig. 3E) and are cor-
roborated by our previous cotransfection experiments with hu-
man MOZ-BRPF1-ING5 complex (65). Furthermore, the natural
occurrence of an abundant splice variant of JADE1 producing a
shorter isoform (74) represents a mechanism of regulating the
association of ING4/5 proteins with the HBO1 HAT, supporting
the concept of functionally distinct roles of HBO1 complexes with
or without an ING subunit (Fig. 3F; see below).

Domain II-mediated association of ING proteins with JADE-
HBO1 determines the modulation of acetyltransferase activity
by methylated lysine 4 of histone H3. A hallmark of ING tumor

suppressor proteins is the presence of a C-terminal PHD finger
domain. This domain in ING proteins has been shown to specif-
ically interact with histone H3 methylated at lysine 4 (5, 18, 33, 41,
53, 56, 63). This association has an impact on HAT activity of
MYST-ING complexes as shown by HAT assays using purified
native ING4-HBO1-JADE-hEaf6 complex with histone H3 tail
peptides unmodified or methylated on lysine 4 (H3K4me). We
observed that the acetyltransferase activity of the ING4 complex is
strongly stimulated by methylation of lysine 4 (Fig. 4A). To delin-
eate the determinants of this stimulation, we purified HBO1-
JADE1-ING5 following transient transfection and observed that
the HAT activity of this complex was similarly stimulated by
H3K4me (Fig. 4B). Interaction of ING5 with domain IIb of JADE1
was specifically required for this stimulation, as JADE1(1-600),

FIG 3 Molecular dissection of MYST-ING HAT complexes identifies two conserved domains essential for assembly. (A) Sequence alignment of conserved
domains in yeast and human proteins associated with ING/MYST-containing HAT complexes. Domain II can be further subdivided into two parts based on
concentrations of homology. The location of the frameshift removing the C-terminal portion of domain II in JADE1S is shown. Sites of posttranslational
modifications are indicated in boldface type. (B to D) ING4 binds JADE1 domain IIb in vitro, while HBO1 interacts with domain I, and hEaf6 needs ING4 to
efficiently associate with JADE1 domain II. GST pulldown assays with the indicated recombinant proteins were analyzed by Western blotting (WB). HBO1 amino
acids (aa) 310 to 611 [HBO1 (310-611)] represents the carboxyl terminus of the protein containing the MYST domain. ING4 �PHD includes aa 1 to 169 of the
protein. (E) The functions of domains I and II are conserved in other MYST-ING complexes. GST pulldowns as described above for panel D using homologous
domains in yeast Epl1 with Esa1 MYST and Yng2 ING proteins. (F) Model of interactions within HBO1 complexes and the effect of the JADE1S shorter isoform.

FIG 4 Domain II-dependent association of ING subunits stimulates MYST HAT activity toward histone H3 peptides methylated on lysine 4. (A) Native ING4
complex preferentially acetylates histone H3 tails that are methylated on lysine 4. Purified native ING4 complex (ING4, JADE, HBO1, and hEaf6 [Fig. 1A]) was
tested in HAT assays with the indicated histone H3 peptides. Reactions were spotted on membranes and counted by liquid scintillation. (B to D) Domain
IIb-dependent physical association of the ING subunit is required for stimulation of HBO1 HAT activity on H3K4me tails. HBO1 HAT was affinity purified after
cotransfection with the indicated cDNAs and tested in HAT assays on peptides as described above for panel A. (E and F) Stimulation of H3 acetylation by
H3K4me is seen only with H3-specific HATs. Purified native ING5 (a mix of HBO1 and MOZ/MORF complexes [Fig. 1A]) and ING3 (Tip60) acetyltransferase
complexes were tested as described above for panel A.
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but not JADE1S(1-509), displayed increased acetylation of
H3K4me peptides (Fig. 4C and D). Similarly, a BRPF1-dependent
association of the MOZ/MORF complexes with ING5 was re-
quired to observe increased acetylation in response to H3 K4
methylation (5). Native purified ING5 complexes (a mix of
HBO1-JADE and MOZ/MORF-BRPF complexes [7]) also
showed a very strong stimulation of HAT activity by H3K4me,
while their activity remained unchanged in response to methyl-
ation of H3 on lysine 9 (Fig. 4E). On the other hand, this effect was
not seen with the native ING3 complex (large Tip60-EPC
complex) (Fig. 4F), likely reflecting the fact that histone H3 is not
a physiological target of the Tip60 MYST enzyme (8, 9). Taken
together, these results support a role for the ING subunits in stim-
ulating the activity of MYST HAT complexes toward H3 K4me-
containing chromatin, a mark highly enriched around transcrip-
tion start sites of active genes.

MYST-ING4/5 HAT complexes contain multiple histone H3-
binding PHD finger domains with different specificities toward
lysine 4 methylation status. As shown in Fig. 1B, MYST-ING
HAT complexes contain multiple domains that are potentially
important for protein-protein interactions and for binding to spe-
cific chromatin regions. Interestingly, ING4/5 complexes contain
other PHD finger domains in addition to the one in the ING
proteins. We have previously shown that JADE PHD domains
display striking specificities (53). While the second PHD of the
PHD-Zn knuckle-PHD (PZP) region binds the H3 N-terminal tail
irrespective of its methylation status, the first domain (PHD1)
binds the same portion of H3 only when H3K4 is not methylated.
A similar property of the first PHD finger of BRPF2 was recently
reported (44). We confirmed these binding properties of PHD1
and PHD2 of JADE1 and JADE3 in peptide pulldown experiments
using recombinant domains fused to GST and biotinylated pep-
tides (Fig. 5A). While we have previously demonstrated that the
histone H3 tail and PHD2 of JADE1 were critical for HBO1 asso-
ciation with chromatin in vitro and in vivo, we have also shown
that PHD1 has a dominant effect within the PZP domain and in
the absence of associated ING proteins blocks the interaction with
H3 tails methylated on lysine 4 (12, 53). The dominance of PHD1
within the PZP domain was further underlined by NMR analysis
of binding to H3 peptides, showing similar chemical shift changes
with each construct (Fig. 5B). Such significant chemical shift
changes could not be obtained with PHD2 alone, as it did not seem
properly folded for NMR analysis. These results lead us to suggest
that the PZP domain functions as a single functional entity for
interaction with chromatin and that our previous results obtained
with PHD2 deletion mutant in fact reflect disruption of the entire
PZP structure (53).

This observation raises interesting questions regarding the pu-
tative cross talk between chromatin and these modules and their
ability to functionally regulate MYST-ING complex localization
in the genome. It also suggests that such interactions could regu-
late HAT activity of the complexes and underlines the potential
impact of controlling the ING subunit association with the
complex.

Association of the ING proteins with HBO1-JADE is re-
quired for growth control. We have previously shown that trans-
duced clones of HeLa cells expressing full-length JADE1L protein
grew very slowly in normal conditions, while the protein unable to
bind chromatin due to mutated PHD2 had no effect on growth
(53). This is clearly linked to the proposed tumor suppressor ac-

tivity of JADE1 (74), since anchorage-free growth measured by
colony formation in soft agar is also decreased by JADE1L but not
the mutant (53). However, it was still important to determine
whether this growth inhibition effect required an association with
ING tumor suppressor proteins. As shown in Fig. 6A and B, stable
expression of the JADE1S isoform, incapable of interacting with
ING4/5 but still associated with HBO1, has no significant effect on
normal cell growth or anchorage-free colony formation. The sta-
ble clones expressing JADE1L were difficult to maintain in culture,
as they tend to undergo growth arrest after several passages. This
behavior was linked to the level of JADE1L expression but was still
seen even when the protein was expressed at a lower level than in
other constructs (data not shown), suggesting that even a slight
disruption of the balance between HBO1 complex subunits can
have a profound effect on cell viability.

It was interesting to determine whether this slow growth phe-
notype was linked in some way to a cell cycle checkpoint activa-
tion, genome instability, and/or cell death. Western blot analyses
indicated that JADE1L-expressing cells possess a higher level of
endogenous �H2AX (Fig. 6C), a mark linked to DNA damage and
checkpoint activation that could also reflect DNA fragmentation
during cell death (3). We then measured the expression of genes in
JADE1L-transduced cells using DNA microarrays. Over 499 genes
were found to be significantly upregulated when JADE1L was ex-
pressed compared to cells transduced with the empty vector, while

FIG 5 The first PHD finger of the JADE1 PZP domain dictates the specificity
of the entire domain toward histone H3K4 methylation status. (A) JADE PHD
finger domains interact with histone H3 tail peptides in vitro, but with different
effect of lysine 4 methylation. Peptide pulldown assays with the indicated bi-
otinylated peptides and recombinant PHD fingers fused to GST were analyzed
by Western blotting with anti-GST (WB:�-GST). JADE PHD1s prefer the
nonmethylated form, while PHD2s bind H3 peptides in a methylation-
independent manner. H3 K9 methylation has limited effect on the binding of
these PHD fingers. (B) NMR analysis indicates that JADE1 PHD1 alone binds
the H3 tail similarly to the full PZP domain. Superimposed 1H,15N HSQC
spectra of JADE1 PHD1 and PZP, recorded during the addition of the indi-
cated H3 peptides. The spectra are color coded according to the protein-
peptide ratio.
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457 genes were downregulated (see Table S1 in the supplemental
material). Examples of genes significantly affected are presented in
Table 1. Among the upregulated genes were a large number of
interleukins, which have a well-established link to cellular senes-
cence (1, 16, 24, 48, 49), as well as the STAT1 transcription factor.
In addition, genes linked to or regulated by the p53 pathway
were also upregulated, most strikingly, the p21/WAF1 cyclin-
dependent kinase (CDK) inhibitor. Increased amounts of the p21
gene product were also confirmed by Western blotting (Fig. 6D).
These results suggested that growth inhibition by JADE1L expres-
sion may occur through a p53-related pathway involving the well-
known p21 CDK inhibitor, which has been linked to cell cycle
arrest in response to DNA damage, cellular senescence, and apop-
tosis (21).

HBO1 depletion leads to downregulation of multiple genes
in the p53 pathway of cell cycle control and apoptosis. In order

to identify genes that are regulated by HBO1-JADE complexes in
vivo, we used microarrays to measure gene expression after
siRNA-mediated knockdown of HBO1 (siHBO1) in HeLa cells in
comparison to a control small interfering RNA (siRNA) (see Table
S2 in the supplemental material). Examples among the 397 genes
that were upregulated and 385 genes that were downregulated are
presented in Table 2. It is striking to see the number of p53-
regulated genes that are repressed during HBO1 depletion, in-
cluding not only p21/CDKN1A but also several others implicated
in apoptosis. Knockdown of HBO1 and the associated decrease of
the p21 protein were confirmed by Western blotting (Fig. 6E). It is
also important to note that many genes important for transcrip-
tion repression and heterochromatinization were upregulated
during HBO1 knockdown, including H3K4 demethylase-, histone
deacetylase-, and DNA methyltransferase-associated factors.

If a gene is directly regulated by the HBO1-JADE-ING com-

FIG 6 JADE1 interaction with ING is essential for tumor suppressor activity which implicates HBO1-dependent upregulation of the p21 CDK inhibitor. (A)
Expression of JADE1L strongly inhibits HeLa cell growth, while JADE1S or PHD-deleted mutants do not. Indicated transduced cell lines were seeded at the same
density, and cells were counted over a period of 7 days. (B) JADE1L inhibits anchorage-independent cell growth, while JADE1S or PHD-deleted mutants do not.
HeLa cell clones expressing the different constructs were grown in soft agar for 3 weeks, and colony formation was measured. Examples of image fields are shown
below the bars in the graph. (C) JADE1L-expressing cells contain higher levels of �H2AX, a marker of DNA damage response, cell cycle checkpoint activation,
and senescence. Whole-cell extracts of the indicated JADE1-expressing clones were analyzed by Western blotting with the indicated antibodies. (D and E)
JADE1L expression increases p21 protein level, while HBO1 depletion decreases it. Western blot as in panel C, using p21 and tubulin antibodies on the indicated
transduced or knocked-down HeLa cells. (F and G) Venn diagrams showing the number of genes significantly up- or downregulated by JADE1L expression or
HBO1 depletion, and the genes commonly affected but in opposite ways (fold change of �1.5 with P value � 0.05).
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plexes, one would expect its expression to be inversely affected in
JADE1L-overexpressing cells versus HBO1-depleted cells. Results
from the two sets of microarray experiments were compared to
find such genes, and these genes are presented in Fig. 6F and G.
While the number of genes that fit this criteria is limited, p21/
CDKN1A and the LSD1/KDM1A H3K4 demethylase are among
those showing this pattern of misregulation in JADE1L versus
siHBO1 cells. These results suggest that the p21 gene could be a
direct target of the HBO1-JADE-ING complexes through local
recruitment and acetylation.

Growth control by the HBO1-JADE1L-ING complex occurs
through direct recruitment and action at p53-regulated genes.
As for JADE1L, increased expression of ING proteins in trans-
duced HeLa cells leads to decreased colony formation in soft agar,
a characteristic of tumor suppressors (Fig. 7A). Overexpression of
the different components of the HBO1 complex during transient
transfections also leads to increased transcription of the p21/
CDKN1A gene, as measured by RT-PCR (Fig. 7B). JADE1S has
less effect under these conditions, presumably because of its lack
of interaction with ING proteins. Since HeLa cells are known to
possess a compromised p53 pathway due to the presence of the
HPV E6 protein that targets it for degradation, we carried out
subsequent experiments in the p53-positive RKO cells from hu-
man colon carcinoma, since these cells have been used extensively
in the initial studies of ING proteins (38, 39, 58). Using a luciferase
reporter gene under the control of the p21 promoter, we were able
to show that expression of the ING3 and ING4 proteins leads to
increased transcription from p21, as previously reported (39, 58)
(Fig. 7C). Furthermore, the cotransfection of a short hairpin RNA
(shRNA) vector targeting p53 highlights the dependence of the
ING-mediated stimulation of the p21 promoter activation on p53.
Expression of HBO1 shows an even stronger effect than that of its
associated ING4 subunit, and this effect is again lost upon p53

depletion. By comparison, expression of the ING3-associated
Tip60 acetyltransferase, a known regulator of the p53 pathway (2),
has a small effect. This suggests that ING3 augments the activity of
this promoter by a mechanism that does not involve recruitment
of the Tip60 HAT activity. These outcomes can be also detected
using a different p53-regulated promoter, BAX, although overall
expression and stimulation in this case are weaker (Fig. 7D). Finally,
to determine whether the HBO1-JADE-ING complexes directly reg-
ulate p53-dependent transcription of the p21 gene, we performed
chromatin immunoprecipitation (ChIP) experiments using poly-
clonal antibodies against HBO1 and ING5 proteins. As shown in Fig.
7E, both proteins are clearly enriched in vivo around the transcription
start site (TSS) of the p21 gene, a region of chromatin particularly
dense in histone H3 methylated at lysine 4, which serves as the bind-
ing target of the ING4/5 PHD fingers. Altogether, these results indi-
cate that the HBO1-JADE1L-ING4/5 complexes control cell growth
in part through direct binding and activation of the p21/CDKN1A
promoter in a process that is mediated by p53.

HBO1 is located in the 5= region of transcribed genes and
colocalizes with H3K4me3. In order to precisely map the local-
ization of native HBO1 complexes throughout the genome, we
performed a ChIP-seq experiment in RKO cells. Analysis of ChIP-
seq signal unveiled that genome-wide, HBO1 is mainly located
immediately downstream of the TSS of genes and that its signal
intensity strongly correlates with gene expression level (Fig. 8A).
We also saw a significant enrichment of HBO1 over promoter
regions within the 2 kb upstream of the transcription start site,
with a diminished occupancy at the TSS itself. A more detailed
analysis over the HOXA cluster indicated a strong enrichment of
HBO1 mostly near the HOXA9 and HOXA10 genes (Fig. 8B). This
observation is of interest, as expression of HOXA10 was found to
be downregulated upon knockdown of HBO1 in our microarray
experiment (Table 2). Finally, localization of HBO1 at the p21
locus demonstrated exactly the pattern described above, with the
highest enrichment within the first 3 kb of the coding region of the

TABLE 2 Examples of genes affected during HBO1 depletion by siRNA
in HeLa cellsa

Category Genes

Downregulated genes DUSP2c, NKD2d, CASP9c, p21/WAF1/CDKN1Ac,
NEDD4c, p18/INK4C/CDKN2C APPc, BAXc,
HOXA10, IGFBP3c, p8/NUPR1c, EXT2,
CDK11, MAD, BAG1c, APAF1c, CASP3c,
PTENc, FOS, STAT1, STAT5, DKKd, and
PIM1c genes

Upregulated genes MAPK3/ERK1, 14-3-3 eta, KAP1/CDKN3c, YES1,
HMGN4, MSX1, LCORe, HOXA5, POLD3,
DNMT1e, BIDc, FZD4d, FZD9d, LSD1/AOF2/
BHC110/KDM1Ae, BHC80/PHF21Ae,
UHRF1e, HELLS/LSHe, TLE4e, BRMS1Le,
TRIM24/TIF1alphac, TRIM33/TIF1gammae,
BRPF1, and BCL9d genes

a See Table S2 in the supplemental material for the full list of genes whose expression is
significantly affected in HeLa cells after siRNA-mediated knockdown of HBO1 (�1.5-
fold change [up or down] with P value of �0.05).
b MAPK3, mitogen-activated protein kinase 3; ERK1, extracellular signal-regulated kinase 1.
c Linked to or regulated by the p53 pathway.
d Linked to the Wnt signaling pathway.
e Linked to chromatin-mediated repression or heterochromatin formation
(deacetylation, H3K4 demethylation, DNA methylation).

TABLE 1 Examples of genes affected during stable expression of
JADE1L in HeLa cellsa

Category Genesb

Downregulated genes CCNM2, DAB2c, p57/KIP2/CDKN1C,
p18/INK4C/CDKN2C , H19;
SAP30d,
LSD1/AOF2/BHC110/KDM1Ad,
CDK5, 14-3-3 sigmae, MCM5,
DMAP1d, GMNN, CCNF and
SKP2, and CCNE1 and CCNB1
genes

Upregulated genes GDF15e; IL-1A/B, IL-6, IL-8, IL-24,
and IL-32f; CCND1; JUN; VEGFA;
CDK7 (TFIIH); STAT1; p21/WAF1/
CDKN1Ae,f; DNase II; GADD45Ae;
GADD45Be; APPe; IGF2BP2e; and
p8/NUPR1e genes

a See Table S1 in the supplemental material for the full list of genes whose expression is
significantly affected in transduced HeLa cells expressing JADE1L (�1.5-fold change
[up or down] with P value of �0.05).
b IL-1A/B, interleukin 1A or B; VEGFA, vascular endothelial growth factor A.
c Linked to the Wnt signaling pathway.
d Linked to chromatin-mediated repression or heterochromatin formation
(deacetylation, H3K4 demethylation, DNA methylation).
e Linked to or regulated by the p53 pathway.
f Linked to cellular senescence.
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gene (Fig. 8C). Association of the H3K4me3 mark with this area of
genes is well established (46). As no ChIP-seq data for H3K4me3
in RKO are available, we utilized the data from K562 cells and
human umbilical vein endothelial cells (HUVEC), which we ob-
tained from the ENCODE project (11). We saw a clear correlation
between the H3K4me3 and HBO1 peaks surrounding the TSS of
p21/CDKN1A, despite the fact that the two signals come from

different cell lines and experimental conditions (Fig. 8C). Alto-
gether, these data establish a strong global colocalization of the
HBO1 complex with methylated H3K4 within the 5= regions of
genes, in a manner that is proportional to transcription levels.
They also confirm that HBO1-JADE-dependent stimulation of
the p21 gene occurs through ING-dependent association with
H3K4me near the TSS.

FIG 7 HBO1-JADE-ING complexes directly bind and stimulate p53-regulated genes to control cell proliferation. (A) HBO1-JADE1L-ING4/5 inhibits
anchorage-independent cell growth. HeLa clones expressing the different constructs were incubated in soft agar, and colony formation was measured as
described in the legend to Fig. 6B. (B) Overexpression of HBO1, JADE1L, and ING4 increases endogenous p21 transcription. RT-PCR analysis of HeLa cells
transfected with the indicated expression vectors. GAPDH, glyceraldehyde-3-phosphate dehydrogenase. (C and D) HBO1 and ING4 proteins stimulate p53-
dependent transcription. Luciferase assays on RKO cells transfected with the indicated expression vectors. The cells were also transfected with a shRNA expression
vector against p53 or control (empty). Luciferase reporters tested were under the control of the p21 (C) or BAX (D) promoters. Data from triplicate cultures are presented
with standard deviations (error bars). RLU, relative light units; RNAi, RNA interference. (E) HBO1-ING complex is bound to the p21 promoter in vivo, near the
transcription start site (TSS). ChIP analysis of HBO1 and ING5 enrichment on the p21/CDKN1A gene. Values representing direct IP over the input ratio are based on
three different cultures with standard errors. RE, response element (shows the locations of known p53 binding sites on the p21 promoter).
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DISCUSSION

MYST-ING HAT complexes are highly conserved in eukaryotes
and play critical roles in genome expression and maintenance (2).
In this study, we uncovered the conserved structural determinants
for assembly of these complexes and their interaction with chro-

matin. By focusing our efforts on the human HBO1 complex, a
major source of histone H4 and H3 acetylation in vivo (8, 23), we
identified two short regions conserved in a subunit present in all
MYST-ING complexes that are responsible for physical associa-
tion of the MYST HAT enzyme and the ING tumor suppressor. In

FIG 8 HBO1 is mainly located in the 5= end of transcribed genes and colocalizes with H3K4me3. (A) HBO1 ChIP-seq signal intensity around the transcription
start site (TSS) of genes in human RKO cells correlates globally with gene expression levels. The global profiles were produced using the UCSC genome browser
gene definition and the Python package HTseq (see Materials and Methods). The binning of genes by their function or expression levels in RKO cells (70) was
performed by subdividing genes in four equal categories (the fourth quartile includes the most highly expressed genes). (B) Enrichment of HBO1 signal over the
HOXA cluster in the RKO cell line. (C) HBO1 signal is enriched in the 5= region of the p21 coding region and colocalizes with the H3K4me3 signal. Our ChIP-seq
HBO1 data from RKO cells aligned with the H3K4me3 signal from HUVEC and K562 cells obtained from the Broad Institute/ENCODE project (11).
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a separate study on the MOZ/MORF complexes, deletions affect-
ing these short conserved domains in the BRPF1 subunit also dis-
rupted complex assembly (65). Importantly, our work identified a
physiological regulation of the MYST-ING complex assembly that
involves the natural occurrence of isoforms of the JADE1 protein
produced by splice variants. One of these isoforms lacks the con-
served region responsible for ING protein association (Fig. 2 and
3). This regulated association of ING proteins with HBO1 com-
plexes was confirmed in vivo and was shown to have strong impli-
cations for the HBO1 HAT function (Fig. 4). Indeed, ING4/5 pro-
teins contain a PHD finger domain that stimulates HBO1 HAT
activity toward chromatin containing histone H3 trimethylated at
lysine 4 (53), a mark found near the transcription start sites of
active genes (57). This may well account for the reported roles of
HBO1 in transcription regulation (2). It remains to be determined
whether these interactions are important for the reported role of
HBO1 in the initiation of DNA replication (35, 36). However, our
previous work clearly indicated that the ING5 protein was critical
for DNA synthesis in vivo (8).

A hallmark of MYST-ING complexes is the presence of multi-
ple PHD finger domains within a single complex (Fig. 1B). We
have previously analyzed the functions of the additional PHD
modules present within the HBO1-associated JADE1 protein and
found that they also bound histone H3 tails with high affinity, but
with distinct specificity toward the K4 methylation status (53).
While binding of the first PHD is completely inhibited by K4
methylation, the second PHD is largely unaffected. While we pre-
viously demonstrated the critical role of JADE1 PHD2 in chroma-
tin binding and function of HBO1 complexes (53), our data also
suggested the dominance of PHD1 within the double PHD/PZP
structure in avoiding H3K4 methylation. We now show using
NMR analysis that PHD1 alone produces the same chemical shift
as the entire PZP domain when binding the histone H3 tail, sup-
porting a single functional entity for interaction with chromatin
(Fig. 5). These results have strong functional implications in light
of the regulated association of ING4/5 with HBO1 complexes,
which may occur not only through the use of JADE1 isoforms but
also through external modulation. Intriguingly, multiple post-
translational modifications, including S/T/Y phosphorylation and
lysine acetylation have been mapped within conserved domain II
of the scaffold subunits and within ING proteins in large-scale
proteomic studies (7, 19, 47) (Fig. 3; see http://www.phosphosite
.org or http://phosida.org). Thus, it is plausible that modification
of the JADE-HBO1 complexes in response to various cellular
events can alter their subunit composition, thereby regulating or
retargeting their activity.

The molecular interactions that we described for MYST-ING
complexes in general and HBO1-JADE-ING complexes in partic-
ular are critical for the function of these complexes, not only in
binding and modification of specific regions of chromatin but also
in their growth suppression activity linked to the ING tumor sup-
pressors. We showed that only the isoform of JADE1 capable of
interacting with ING proteins is able to slow growth and impair
colony formation in soft agar, a signature of tumor suppressor
activity (Fig. 6). In light of this, it is interesting to note that analysis
of splice variants of JADE1 has shown that the ratio of the short to
the long isoform greatly varies from 2 to 0.15 in a collection of over
300 cancer cell lines (15). This wide range of relative transcript
levels suggests that regulation of JADE1 splicing can be used by
some tumorigenic cell lines to impair the tumor suppressing func-

tion of the protein. This activity of JADE1L isoform implicates an
induced senescence-like phenotype linked to upregulation of sev-
eral interleukins and of the p21/CDKN1A gene and DNA damage
checkpoint activation. These abilities of the JADE1 complex ap-
pear to be dependent on the associated HBO1 acetyltransferase,
since siRNA-mediated depletion of this HAT leads to strong
downregulation of the p21 gene. In fact, microarray analyses of
gene expression indicate that loss of HBO1 leads to downregula-
tion of a large number of genes linked to the p53 pathway of cell
cycle control, senescence, and apoptosis. ING proteins have been
implicated in these processes (61), and we now show evidence that
they function through their association with MYST acetyltrans-
ferase complexes. In agreement with this model, a recent report
has shown a functional interaction between MOZ and p53 in in-
ducing p21 expression and cell cycle arrest (50). Our data now
indicate that HBO1-JADE-ING complexes directly stimulate p53-
dependent transcription of genes like p21 and that they are en-
riched near the transcription start site, where high levels of
H3K4me3-containing chromatin exist, allowing them to associate
with chromatin through the PHD finger domain of the ING tu-
mor suppressors (Fig. 7 and 8). It is noteworthy to point out that
the gene encoding LSD1/KDM1A, a major H3K4 demethylase and
transcriptional repressor (26), is regulated in an opposite fashion
upon increased JADE1L expression or HBO1 depletion (Fig. 6G),
suggesting a function of the HBO1-JADE-ING complex in block-
ing H3K4 demethylation.

Our microarray experiments upon the manipulation of HBO1
and JADE1L protein levels also identified putative targeted genes
and pathways that support important roles of this acetyltrans-
ferase complex in many cellular processes. In addition to the full
set of p53 targets for cell cycle arrest and apoptosis, genes impli-
cated in transcription repression, like components of deacetylase
and demethylase complexes and factors involved in the mainte-
nance of genomic DNA methylation (DNMT1-UHRF1), were up-
regulated during HBO1 depletion (Table 2). This suggests a sig-
nificant increase in heterochromatinization of the genome in the
treated cells and supports a global role of HBO1 in marking and
stabilizing euchromatin, as evidenced by its global effect on
H3/H4 acetylation (8, 23, 37). This is certainly in agreement with
our ChIP-seq data that physically links HBO1 to the 5= end of
genes in a direct correlation to the level of transcription (Fig. 8).
This bias toward the 5= of genes was also recently obtained
through ChIP-chip analysis in leukemic cells (37). Furthermore,
while it has been argued that JADE1 is a direct repressor of Wnt
signaling (6), we show here that HBO1 depletion leads to down-
regulation of repressors of the Wnt signaling pathway and upregu-
lation of the frizzled receptors and BCL9, supporting a transcrip-
tional role in modulating this pathway. Finally, it is interesting to
note a likely compensation mechanism upon HBO1 depletion, as
the gene for BRPF1 is upregulated, suggesting that MOZ/MORF
complexes may compensate for the global loss of H3K14 acetyla-
tion (23). Mouse knockouts for HBO1 are embryonic lethal and
show an almost complete loss of acetylated lysine 14 residue of
histone H3 (H3K14ac) but an increase of H4K16ac (23). The latter
phenotype could be explained by the downregulation of the Nu-
prin1/p8 inhibitor of the human MOF (hMOF) acetyltransferase,
the MYST enzyme responsible for the bulk of H4K16ac (13, 59).

The work presented here highlights the highly conserved na-
ture of the molecular interactions within the MYST-ING family of
acetyltransferase complexes. It also demonstrates that the ING
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tumor suppressor proteins function through their association
with these complexes and chromatin regions carrying the
H3K4me histone mark. It will be interesting to determine how this
MYST-ING interaction is modulated to regulate cell proliferation.
The multiple roles of these acetyltransferase complexes in genome
expression and stability make them ideal targets and effectors for
signaling events that regulate cell cycle progression.
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